Academic stress (AS) is one of the most important health problems experienced by students, but no biomarker of the potential psychological or physical problems associated with AS has yet been identified. As several cross-sectional studies have shown that psychiatric conditions accelerate aging and shorten telomere length (TL), we explored whether AS affected TL.
INTRODUCTION
Excessive academic workloads, fear of failure, emotional exhaustion, and social pressures are routine causes of academic stress (AS) [1] . Whereas modest academic stress encourages persistence and educational success, continuous AS is likely to cause both mental and physical problems. Chronic exposure to emotional and environmental stress is a well-known trigger of physical symptoms, such as increased heart rate, elevated blood pressure, and metabolic disruption. If not treated, these symptoms accelerate the development of cardiovascular disease, diabetes, and other age-related conditions [2] [3] [4] . Severe AS is a major health issue for students, but no molecular biomarker of AS or AS-related physical disorders has yet been identified.
Telomeres, which are distinctive nucleoprotein structures capping the ends of linear chromosomes, maintain genomic stability. A telomere is composed of G-rich repetitive DNA protected by a shelterin protein complex that includes telomeric repeat binding factor 1 (TRF1), telomeric repeat binding factor 1 (TRF2), protection of telomeres 1 (protein) (POT1), TRF1-interacting nuclear protein 2 (TIN2), POT1-TIN2-organizing protein (TPP1), and repressor-activator protein 1 (RAP1) [5] . Shelterin not only prevents the unwanted activation of the DNA damage response (DDR) at chromosomal extremities but also facilitates appropriate telomeric DNA replication [6] . Telomeric DNA is also transcribed into a long non-coding RNA, termed TERRA, the function of which remains elusive [7] . Interestingly, an adequate telomere length (TL) not only stabilizes chromosomal ends by allowing the binding of appropriate levels of shelterin but also controls the transcription of genes, even when they are in distant locations from telomeres (i.e., the chromosomal interior) [8] . This "telomere position effect over long distance" (TPE-OLD) appears to involve long-range interactions between the TRF2 shelterin subunit and chromatin [5, 9] . As the brain and central nervous system express large amounts of long non-coding RNAs, including TERRA, and as many genes regulated by TRF2 are neuron-specific, changes in telomere structure (i.e., TL; shelterin and TERRA levels) may play crucial roles in the epigenetic regulation of neuropsychological disorders, highlighting the importance of telomere structure and function in the brain [5] .
Of the various telomere parameters, TL is the best-studied biomarker. TL measures cellular replicative capacity; TL is reduced after each round of DNA replication until a critically short TL triggers irreversible cell cycle arrest (senescence) or apoptosis. Such somatic erosion is caused by the absence, or lowlevel expression, of telomerase in somatic cells. Indeed, a reverse transcriptase ensuring telomere maintenance is active during embryogenesis but becomes inactive after birth [10] . Importantly, the rate of telomere shortening caused by cell division is accelerated by oxidative stress, exposure to genotoxics, and increased stress hormone levels [5, 11, 12] . Recent epidemiological studies have shown that accelerated telomere loss is an early predictor of cardiovascular disease, cancer, type 2 diabetes, and cognitive decline [13] . Thus, as TL is a measure of individual aging, TL may reflect a history of psychological disorder.
Several cross-sectional studies have shown that TL is associated with mental disorders. Patients suffering from major depressive disorder (MDD), generalized anxiety disorder, bipolar disorder, or schizophrenia exhibit more severe telomere erosion in blood leukocytes than do controls [14] [15] [16] . Thus, telomeres may link psychiatric conditions to senescence, and TL erosion may increase the incidence of age-related diseases. Notably, hippocampal TL decreased more markedly than did that of other brain regions in patients with MDD [17] . As the hippocampus plays a critical role in neurogenesis and as hippocampal volume is reduced in MDD patients, TL may be involved in the brain aging associated with MDD.
TL is a marker of clinical susceptibility to psychiatric conditions. TL shortening is hereditary in depressed mothers and is particularly evident in families that are fragile in terms of their social environment and level of psychological stress [18, 19] . Thus, TL is a potential biomarker of cumulative exposure to adversity in early life and predicts the long-term risk of psychiatric conditions [16] [17] [18] [19] [20] . However, the use of TL as a molecular biomarker of such conditions remains controversial [21] . For instance, gender plays a role in the telomere erosion induced by psychiatric conditions [22, 23] .
We examined whether TL was associated with the anxiety levels of healthy students by measuring the TL of salivary cells from students exposed to AS related to the imminence of their final examinations, the most stressful period of the semester.
RESULTS

Participant characteristics
Participant characteristics are presented by anxiety level (Table 1a ) and school grade (Table 1b) . We found no significant differences in any of the baseline demographic characteristics (age, gender, height, weight, or body mass index [BMI]) according to these variables. Furthermore, age, gender, and BMI did not have a significant effect on either the TAS score or salivary cell TL (all p values > 0.05). a. Current chronic disease: including arthritis, asthma, cancer, COPD, diabetes and viral diseases such as hepatitis C and HIV/ AIDS, and the course of the disease lasts for more than three months. b. Major depressive disorder diagnosed with DSM-IV MDD, the patient must meet five out of nine symptom criteria: 1) depressed mood most of the day, nearly everyday, as indicated by either subjective report or observation made by others; 2) markedly diminished interest or pleasure in all, or almost all, activities most of the day, nearly everyday (as indicated either by subjective account or observation made by others); 3)significant weight loss when not dieting or weight gain, or decrease or increase in appetite nearly every; 4) insomnia or hypersomnia nearly everyday; 5) psychomotor agitation or retardation nearly every day; 6) fatigue or loss of energy nearly every day; 7) feelings of worthlessness or excessive or inappropriate guilt nearly every day; 8) diminished ability to think or concentrate, or indecisiveness, nearly every day; 9) recurrent thoughts of death (not just fear of dying), recurrent suicidal ideation without a specific plan, or a suicide attempt or a specific plan for committing suicide. c. Smoking: subjects were classified as past smoker, or current smoker and the typical number of cigarettes smoked per day and number of years the individual smoked were recorded. d. Drinking: subjects were classified as past drinker, or current drinker and the number of alcohol units consumed in a typical week was recorded. e. Childhood trauma: the presence of traumatic events in childhood (including death of a close relative, separation from a parent, and sexual or physical abuse). f. Obsteric risk condition during mother's pregnancy: exposure to stress or other adverse conditions during intrauterine development. www.impactjournals.com/oncotarget
Anxiety levels
Students from both a specialized and a general school suffered from anxiety (p > 0.05): 35% had severe anxiety (TAS 26.09±3.87); 33% had moderate anxiety (16.98±2.64); and 32% had mild anxiety (7.89±1.92). These scores reflect significant differences (p < 0.05) (Figure 1) . Thus, we found AS is a universal problem, independent of school type, which is consistent with other data showing that Asian students encounter high AS, even in adolescence [24] .
Telomere length
The average T/S ratio was 1.14 in students in both schools (range: 0.16 to 2.40). The three TAS subgroups had very similar TLs (Figure 2, 
DISCUSSION
AS is a severe problem in Asia, occurring earlier in life than in the West. AS affects even adolescents and is harmful to health [1, 25, 26] . We found, as expected, that students from both a specialized and a general school experienced AS. This underscores the inaccuracy of an idea commonly accepted in China: that students in general schools experience less AS because they are less concerned with academic accomplishment than are students in specialized schools. As it is true that students in specialized schools study hard and are more eager to enter prestigious universities than are students in general high schools, that even students in general schools experience AS shows that this problem is universal in China. Indeed, the early detection and treatment of severe AS is a critical public health issue.
Several methods are used to measure mean TL; these include terminal restriction fragment analysis by Southern blotting, quantitative PCR (qPCR), and fluorescence insitu hybridization combined with flow cytometry (flow-FISH) [27, 28] . Southern blotting, which is the standard method, directly estimates both the average TL and the TL distribution. However, the assay has certain limitations, as it is time-consuming, requires a substantial amount of DNA, and overestimates the real lengths of telomeric sequences. qPCR and flow-FISH are simple and rapid and accurately measure TL. Gutierrez-Rodrigues et al. found that flow-FISH and qPCR were sensitive (both 100%) and specific (93% and 89%, respectively) when used to distinguish short telomeres from those of average length [29] .
We measured the TL of cells in saliva rather then blood leukocytes because saliva collection is less invasive than blood collection; this is important when subjects are experiencing anxiety. Although the use of TL assays for blood leukocytes is a well-established technique, DNA from salivary epithelial cells can also be used to assess TL [30] . Mitchell et al. found a significant positive correlation (0.72; p = 0.002) between the TL of saliva and blood cells [31] . Emerging evidence shows that the extent of age-dependent telomere shortening is the same in cells of different tissues [32] . Moreover, the TL of epithelial cells predicts the development of age-related diseases, including oral and bladder cancer and Alzheimer's disease [33, 34] . Thus, our data are as reliable as any information that we could have obtained from leucocytes. We found no significant TL shortening in response to AS in adolescent students facing their final examinations. Moreover, anxiety-caused TL shortening was not sexor BMI-dependent, which is inconsistent with previous data [22, 23, 35] . This may be because our subjects were adolescents, and the previous studies involved adults. Moreover, our subjects were clinically normal, whereas most other studies enrolled psychiatric patients. Thus, the TLs measured in our study were not influenced by psychiatric treatment, which has been reported to cause telomere shortening [23] . Although our findings suggest that TL cannot serve as a biomarker of physical damage caused by psychiatric conditions, our data complement those of a major longitudinal study showing that a shorter TL in adults was associated with stress in early life [19, 36] . Very few studies have detected immediate telomere loss after psychological stress, although many have found that TL is a biomarker of chronological aging, and a shortened TL a risk factor for poor health outcomes after psychological stress early in life [37, 38] . The cited works focused on the impact of psychological stress during childhood or early life on adult TL [19, 36] . It is possible that AS may not negatively affect the TL until some time after the AS has dissipated. In mice, TL shortening caused by telomerase deprivation exhibits no phenotype prior to the third or fourth generation [39] . In agreement with the mouse data, telomerase-based in vitro cancer therapy afforded no anti-cancer effect until cells were subjected to several passages, indicating that telomere shortening has no effect for some time [40] . The cited works explain why stress in early life [41] , or even intra-uterine stress [36] , can shorten telomeres during adulthood but not in the concurrent negative environment. This also explains why the TLs of young adults with depression and anxiety did not significantly differ from those of controls [23] . It would be intriguing to examine how long the delayed effect of accelerated telomere loss persists even after an adverse environment is ameliorated. A large multi-center study is required to address this question. Moreover, a long-term longitudinal prospective study, rather than a study conducted at a single point in time, on the TLs of adults who experienced AS during their educational career may demonstrate that AS affects future health via telomere shortening.
MATERIALS AND METHODS
Participants
Study participants were recruited in Shanghai, China via school newspapers. Before inclusion, all participants were screened via self-report and physical examination for acute or chronic health conditions, and those with such conditions were excluded. Interviewer-administered questionnaires were used to gather information on sociodemographic factors, psychosocial stress levels, and lifestyle factors. All subjects were non-smokers and were medication-free. Those meeting the DSM IV criteria for MDD were excluded [42] . In total, 200 adolescent students in grade 8 were ultimately recruited from either a specialized junior high school or a general school. Written informed consent was obtained from all participants and their parents. This study was approved by the Institutional Review Board of Shanghai Ruijin Hospital. Saliva samples were successfully collected from 98% of students in the specialized junior high school and from 99% of those in the general junior high school (Figure 3) .
AS measurement
The Sarason Test Anxiety Scale (TAS) was used to evaluate anxiety [43] . The TAS is reliable and yields valid data when used to evaluate Chinese populations [44] . The questionnaire features 37 no/yes questions scored as 0 or 1. To minimize self-selection bias and retrospective recall bias, we did not explain our hypotheses to the participants. All participants received the same (limited) information before recruitment. All experimenters were blind to subject anxiety status. The minimum and maximum test scores were 0 and 37, respectively; 0-12 indicates no or mild anxiety, 13-20 indicates moderate anxiety, and 21-37 indicates severe anxiety.
Saliva collection
Saliva samples (2 mL) were collected into plastic tubes (Oragene Salivary kit, DNA Genotek Inc., Canada) in the morning (before breakfast) under the guidance of research personnel. The tubes were then sealed, releasing a stabilizing agent limiting DNA degradation and bacterial growth, and stored at -80°C prior to batch assay in the laboratory of Prof Yiming Lu at the Shanghai Ruijin Hospital.
TL assays
Cells were collected from saliva samples using standard procedures, and DNA was extracted. TL was measured using a quantitative polymerase chain reaction (qPCR) method, and the ratio thereof to that of telomeres of standard reference DNA (the T/S ratio) was calculated as previously described [45] . The 36B4 gene served as a single-copy control gene. All assays were performed in triplicate. All DNA samples were coded, and laboratory staff were blind to subject identities. Conversion of the T/S ratios to base pairs was based on the mean telomeric restriction fragment length evident on Southern blotting. We plotted the slopes of the mean restriction fragment lengths against the T/S values using the following formula: Kilobase pairs (kb) = 3.274+2.413*(T/S) [46] . We confirmed that the assay sensitivity was adequate to detect TL variation before we analyzed the saliva samples. A result was considered acceptable if the control sample T/S ratio ranged from 0.95 to 1.05.
Data analysis
We used the Shapiro-Wilk test to explore whether the salivary cell TL was normally distributed. Analysis of variance (ANOVA) was employed to compare differences in TAS scores and TLs by test anxiety levels. To explore whether gender, age, and/or BMI explained the associations between TAS scores and TL, we subjected these parameters to analysis of covariance (ANCOVA). The Friedman and Wilcoxon signed rank tests were used to compare nonparametric data. Normally distributed data are presented as means or percentages with standard deviations (SDs). All tests were two-sided, and the type I error rate was fixed at 0.05. All tests were performed with the aid of Statistical Analysis Software (SAS, version 9.3; SAS Institute, Cary, NC).
